Abstract-The design and simplified analysis of a compact and wide band (16%) negative permittivity complementary split ring resonator metamaterial is introduced. The proposed metamaterial component was applied to reduce the size of the feeding line filter of microstrip patch antenna for the sake of higher order harmonic suppression. The reduction has been done using only one element of complementary split ring resonator, while maintaining the antenna's performance. Simplified theoretical study and design of the proposed circuits has been presented. Moreover, experimental results have been done for validation and conformation purpose. Results confirm that almost 95% of the antenna noise harmonics power has been removed.
INTRODUCTION
One interesting goal in microwave circuits/antenna designs is the filtering of frequency bands for the purpose of undesired harmonic suppression and enhancement of microwave component performance. Many traditional approaches have been utilized for this purpose such as cascaded rejection band filters. However, wide bandwidth and size reduction are two main requirements that we should achieve while satisfying the previous goal. Size reduction objective can be fulfilled by making use of the ground area in microstrip configuration, by etching holes in the ground. An example for this is the use of electromagnetic band gap structures (EBG) [1, 2] . Although such techniques introduce wide band and decrease microwave circuit size, but they still need large area in the transverse plane, especially at lower frequencies.
Another solution for size reduction has been proposed using metamaterial (MTM) structures. Metamaterials can be defined as effective homogenous electromagnetic structures with unusual properties that do not exist in nature. Effective homogeneous electromagnetic structure can be constructed using electromagnetic ordered array scatters satisfying a sufficient long wavelength condition at RF/microwave frequencies to demonstrate particular electromagnetic properties [3] . These material concepts include artificial dielectric materials and magnetic materials which can exhibit positive or negative permittivity or permeability properties, respectively [3] . Studies confirm that the propagation of electromagnetic waves in metamaterial structures will have different characteristics, and accordingly, they have been employed in different RF/microwave either guided wave or radiated wave applications.
A medium with negative permeability or permittivity has an imaginary propagation constant such that the waves through it are evanescent waves. Therefore, it is a good candidate for satisfying the aforementioned purpose: filtering of frequency bands. In nature, plasma is a medium observed to have a negative permittivity below certain frequency called the plasma frequency. In 1996, Pendry et al. [4, 5] introduced artificial electrical plasma consisting of three dimensional array of intersecting thin straight wires whose electrical plasma frequency is dependent on the wire radius and spacing, and hence it is possible to design it in the microwave band [4] . However, such a 3D structure is not compatible with planar microwave applications.
In 2003, a new metamaterial negative permittivity planar structure based on the use of complementary split ring resonators (CSRRs) has been suggested [6] .
CSRR is the dual of split ring resonator (SRR) which can demonstrate effective negative permeability. CSRR is implemented by etching them on the ground plane of microstrip strips. Since CSRRs are metamaterial structure, they oppose the sub wavelength criterion of metamaterials, i.e., CSRRs dimensions are much smaller than the guided wavelength. Hence, by using CSRRs, we can achieve high level of circuit miniaturization. Therefore, CSRRs have been utilized in different microwave and antenna applications [7] [8] [9] [10] [11] [12] [13] .
However, one of the main goals in designing CSRRs is increasing their negative permittivity bandwidth.
For achieving wideband negative permittivity, one solution is to use more than one etched CSRR unit cell with different dimensions [11] . Another solution is to use more unit cells of etched CSRRs with different orientation and dimensions [12, 13] . But, unfortunately, all these trials will result in increasing the circuit size.
In this paper, we introduce a wide band negative permittivity stopband filter structure making use of CSRRs. The proposed CSRR filter has been applied to achieve size reduction of a microstrip stopband filter. For the sake of completeness, this compact CSRR stopband filter has been cascaded to a microstrip antenna used for the removal of undesired antenna higher harmonics. The compactness was achieved by the use of only one CSRR unit cell.
CSRR CONCEPT
It has been suggested that the use of periodic array of split ring resonator excited by a magnetic field parallel to ring axis is able to introduce an artificial negative permeability metamaterial that may be implemented as a three dimensional periodic structure [14] . However, the H-field excitation provided by the incident field on conventional split ring resonator is not strong enough to produce a noticeable effect. Thus, a multilayered architecture is required to produce a sufficient response. Therefore, in summary, we can say that use of SRR is not convenient with microstrip configuration.
On the other hand, complementary split spring resonator, excited by an electric field polarized in the axial direction of the ring so that it results in negative permittivity, was introduced to overcome this problem [6] . From electromagnetic theory, if the thickness of the metal plates is zero, and the conductivity that it exhibits is infinite, then the apertures behave as perfect magnetic conductors, and hence the CSRR behaviour can be considered as a dual (or complementary) of SRR. Therefore, CSRR can be easily fabricated using microstrip configuration by etching the rings in the ground plane beneath the upper microstrip transmission strip.
From the circuit point of view, the CSRR particle can be described as a parallel resonant tank with inductance L c and capacitance C c and behaves as an electric dipole which is excited by an external axial electric field (in this case the electric field of the microstrip line). L and C represent the per unit length inductance and capacitance of the host line which is electrically coupled to the CSRR. The lumped element equivalent circuit model for the CSRR loaded transmission line is depicted in Figure 1 . The negative permittivity of the CSRR is cantered at the resonant tank circuit whose resonant frequency (f 0 ) can be described by
STRUCTURE
Conventional microstrip antennas in general have attractive features of low profile, lightweight, easy fabrication, and conformability to mounting hosts. However, they have a major drawback of higher order harmonic radiation which may interfere with outside band users. Such a problem can be overcome by cascading the microstrip antenna to a filter circuit, and stepped impedance resonator filter is one popular way [15] . This technique may result in extra antenna size. A recent solution is to make use of the CSRR filtering properties and etch them on the ground of the antenna feeding line [11] . However, the use of multiple cells may need long feeding line, and hence this may also increase the overall antenna size. In this section, we introduce the use of only one CSRR unit cell for the sake of higher harmonic suppression. The concept of optimization use of a CSRR unit cell was applied to a conventional rectangular patch antenna. The rectangular patch antenna was matched to a 50 Ω feeding microstrip transmission line section. A circular shaped CSRR unit cell was etched on the ground beneath the feeding microstrip transmission line. The used substrate is Rogers RT\duroid 5880 substrate with relative permittivity ε r = 2.2 and 0.787 mm thickness. The CSRR particle dimensions are r = 2.6 mm, c = 0.4 mm, d = 0.3 mm, and g = 0.1 mm. The detailed antenna geometry is shown in Figure 2 the layer patterns was deposited on the conductor layer face and patterned using the lithography process. Second, the unwanted parts of the metallization were removed by wet etching using the etching solution (NH 4 OH : H 2 O 2 : H 2 O = 1 : 1 : 4). Finally, the photoresist was dissolved by acetone.
DESIGN
The design objective for the antenna harmonic suppression was based on cascading the antenna to a stopband filter within the antenna harmonics frequencies. For the sake of antenna miniaturization, the stopband filter was designed to be within the same antenna feeding transmission line. This can be done by using a CSRR etched on the ground plane of the feeding microstrip transmission line. Such a filter is a negative permittivity metamaterial one whose negative permittivity frequency band achieves the desired stopband, i.e., the frequency band to be suppressed of the antenna harmonics. This frequency band was obtained by a proper CSRR dimension choice which results in resonant frequency as calculated from (1). This design was done as in the following steps using the electromagnetic full wave simulation employing a commercial finite element software ANSOFT-HFSS.
First, a conventional rectangular patch antenna, without using CSRR, was designed at 1.8 GHz to radiate efficiently and exhibit 50 Ω input impedance [16] . The patch antenna was excited by a 50 Ω microstrip transmission line which is inset feed to the antenna a distance L f as shown in Figure 2 (a) for matching purpose [16] . The simulated antenna return loss is shown in Figure 3 (a). As shown, the microstrip patch antenna can radiate at 1.8 GHz with a return loss 20 dB. However, at 3.1 GHz, it has spurious higher order harmonic that result in return loss greater than 22 dB in addition to some additional spurious radiations present around 3.5 GHz. For suppressing the aforementioned harmonics, the CSRR negative permittivity stop band was designed to cover frequencies including the above frequencies 3.1 GHz. For compactness purpose, only one CSRR was desired which was achieved in the design by the proper design of the unit cell CSRR. This can be explained by simulating the feeding transmission line loaded with CSRR unit as a two port network using HFSS. On simulation, we have assumed 50 Ω feeding SMA connector at one end and 50 Ω patch antenna at the other end. After a round of optimization process for the previously analytically investigated CSRR, the proposed CSRR unit cell was designed. The full wave simulated scattering parameters for this negative permittivity metamaterial feeding transmission line is shown in Figure 3(b) . As shown, the results confirm that the CSRR has a stopband in frequency band 3 GHz-3.5 GHz which predicts its possibility to suppress harmonics shown in Figure 3(a) .
The design of the CSRR has been fulfilled by investigating the performance of the equivalent circuit model, illustrated in Figure 1(b) , for the employed CSRR. Next, the design was validated by comparing the circuit model results with the same results obtained from HFSS, which are illustrated in Figure 3(b) . From this comparison, we have find that the CSRR equivalent capacitance (C c ) and inductance (L c ), shown in Figure 1(a) , are 3.5 pF and 0.6 nH, respectively. Substituting these values in (1), we find that CSRR demonstrates resonant frequency at approximately 3.45 GHz. This frequency is The effective permittivity and permeability of the microstrip feeding transmission line loaded with the CSRR. approximately the same resonant frequency which can be observed in Figure 3(b) .
The negative permittivity can be confirmed by extracting the effective constitutive parameters, i.e., the electric and magnetic permeabilities, of the microstrip feeding transmission line loaded by the CSRR using the simulated scattering parameters shown in Figure 3 (b) [17] . The results are illustrated in Figure 4 . It is obvious that the metamaterial transmission line demonstrates positive effective permeability with negative effective permittivity within the frequency band approximately from 3-3.5 GHz approximately, a fractional bandwidth of 16%, which also agrees with the stopband in Figure 3(b) .
In Figure 2 (a), one can find the maximum CSRR element dimension (2r + 2c + d = 6.3 mm). Also, the guided wavelength (λ g ) can be calculated to be λ g = 73 and 63 mm at lower and upper frequencies of frequency band characterized by negative permittivity shown in Figure 4(a) , i.e., from frequency = 3 GHz to 3.5 GHz. Thus, we can confirm that the maximum CSRR particle dimension is at maximum = λ g /10 which agrees with the standard condition for subwavelength structure of metamaterial [3] . This conclusion confirms the effective negative permittivity required to describe the employed CSRR structure as a metamaterial one. 
RESULTS AND DISCUSSION
The two previous individual circuits, the patch antenna and its negative permittivity feeding line, were cascaded and simulated together. The simulated return loss of the proposed antenna is shown in Figure 5 (a). The figure also illustrates the simulated reflection coefficient of the microstrip patch antenna for comparison purpose.
As shown in the figure, the results confirm that the antenna can still radiate effectively at 1.8 GHz with an improved return loss that is better than 25 dB. On the other hand, the harmonic exists at 3.1 GHz of the conventional patch antenna was suppressed by using the CSRR from approximately 22 dB to 8 dB which represents approximately 66% harmonic level reduction. Moreover, a little bit enhancement in the other small harmonics around 3.5 GHz was noticed. Over the whole frequency band, no other harmonics were added to the antenna performance. Therefore, we can claim that the antenna cannot radiate at these frequencies, hence it confirms the harmonics suppression.
From previous discussions, we can claim that the removal of the spurious harmonic at 3.1 GHz requires to load the feeding transmission line with only one unit cell with maximum dimensions = 6.3 mm which is equivalent to 0.09λ g (λ g = 70.4 mm at 3.1 GHz). Up to our knowledge, no stopband filter can be realized using such a small length. For comparison purpose, the harmonic suppression goal in [11] was fulfilled using two CSRR elements whose overall length is 0.27λ g .
To verify the theoretical study and simulation results discussed in previous sections, the metamaterial antenna was fabricated, and the return loss of the antenna was measured using Hewlett Packard 8510C VNA System through a 50 Ω SMA connector. A comparison between the simulated and measured results is shown in Figure 5 (b). The comparison demonstrates reasonable agreement between the measured and simulated results, and there is approximately no more than 100 MHz frequency shift between the measured and simulated results. It obvious that both results confirm the suppression of the higher order harmonics by more than 15 dB compared to original patch antenna.
Moreover, the antenna performance has been reconsidered by examining the radiation pattern of the antenna to ensure that the employed CSRR did not affect the antenna properties. The simulated 3D radiation pattern at 1.8 GHz is shown in Figure 6 . It is clear that the metamaterial antenna preserves the omnidirectional pattern of conventional antenna. This can be made clearer by illustrating the normalized 2D radiation pattern in the three basic planes as shown in (a) (b) (c) Figure 7 . The 2D radiation pattern of the antenna cascaded with the CSRR filter. Figure 7 . As seen, the plane is almost isotropic in the horizontal plane (XY plane, θ = 90), and its maximum in either XZ or Y Z plane is along the Z axis (θ = 0). In addition, the antenna polarization was checked by comparing the co-and cross-polarized gains in both E plane (XZ) and H plane (Y Z) as plotted in Figure 8 . It is obvious that the difference between the two gains is almost greater than 40 dB in both E/H planes.
Further check of the harmonic suppression was verified by studying the 3D radiation pattern at the spurious frequency (3.1 GHz) which is illustrated in Figure 9 . By comparing this 3-D radiation pattern to that at 1.8 GHz in Figure 6 (b), it is quite clear that the antenna has a main pattern at 1.8 GHz with the maximum radiation along Z axis whereas in the second case at 3.1 GHz, the radiation pattern consists of two smaller lobes with almost zero radiation along the Z axis. In other words, we can claim that the antenna no longer radiates along the Z axis at the spurious frequency, at 3.1 GHz, which confirms the spurious harmonic suppression.
CONCLUSION
A wide band negative permittivity metamaterial CSRR was introduced. The proposed CSRR was designed to introduce a compact microstrip filter implemented using only one unit cell CSRR. The designed filter was cascaded with a microstrip patch antenna for higher order harmonics removal. The design was introduced and validated using electromagnetic full wave simulation, and confirmed using measurements. Results confirmed that a compact CSRR microstrip filter (only 0.09λ g at suppressed harmonic frequency) of wideband negative permittivity bandwidth (16%) can suppress up to 95% of higher order harmonics without changing the properties of the patch antenna.
